Although there has been some enthusiasm over the early clinical results obtained using the Graf ligament, associated mid-to long-term results are controversial. We retrospectively reviewed 43 patients (67 segments) treated with the Graf ligament for degenerative lumbar stenosis. The minimum followup was 8 years (mean, 10 years; range, 8-14 years). At last followup, we observed angular instability in 19 of the 67 segments (28%) and translational instability in five (7%). The disc height decreased from postoperatively (mean 93% of the preoperative disc) to the final followup (mean 82%). Of the 43 patients, 18 (42%) had adjacent segmental instability at the upper segment, including angular instability in 11 patients, translational instability in four patients, and both in three patients. The adjacent segment instability at the lower segment revealed 13 patients (30%) with angular instability. The data suggest the anticipated mechanical effects of the Graf ligament can be altered by degeneration of the disc and facet joints at instrumented segments and the adjacent segment can be affected, perhaps as a result of abnormal load transmission.
Introduction
Decompression and fusion are the most important principles in surgically treating degenerative lumbar diseases. Achieving fusion is one of the most important factors influencing clinical outcome [4, 10, 34] . With the improvements in fusion techniques, the rate of successful fusion reportedly ranges from 60% to 100% [3, 27] . However, this has not been reflected by a corresponding increase in the rate of successful clinical outcomes [3, 14] . Several studies suggest 9% to 44% of patients fail to have improvement of back pain [1, 2, 33, 34] . This failure sometimes is associated with pseudarthrosis [23] or adjacent segment disease to fusions after long-term followup [6, 8, 9, 19, 22, 24] .
Options other than fusion include dynamic stabilization [7, 18, 30, 31] . The Graf ligament (Neoligaments, Leeds, UK), described by Henry Graf [15] , is the most commonly used device in this group. Given lumbar segmental instability is defined by abnormal movement, the Graf ligament was introduced to correct abnormal motion to a spinal motion segment. The system consists of a pair of Dacron 1 ligaments applied with pedicle screws with a predetermined force. The system immobilizes the spine in lordosis and locks the facet joints in full extension. One independent biomechanical study suggests it increases load over the posterior part of the disc and the annulus [25] . On reviewing the results of the Graf ligament at a mean 8.9 years' followup, Onda et al. [26] suggested the Graf ligament does not always prevent adjacent segment disease and typically leads to progressively reduced motion of the Each author certifies that he has no commercial association (eg, consultancies, stock ownership, equity interest, patent/licensing arrangements, etc) that might pose a conflict of interest in connection with the submitted article. Each author certifies that his or her institution has approved or waived approval for the human protocol for this investigation and that all investigations were conducted in conformity with ethical principles of research. treated segment. However, Kanayama et al. [17] , at a mean 75 months' followup, suggested the Graf ligament maintains lumbar mobility and decreased the risk of adjacent segment deterioration compared with posterolateral fusion with instrumentation. Although the Graf ligament was developed to diminish degenerative changes in the adjacent segments, compared with those encountered with rigid instrumentation, this theoretical advantage has not been clinically confirmed. Long-term followup results are necessary to determine the efficacy of the Graf ligament to maintain stability at the instrumented segment and prevent adjacent segment disease.
We therefore asked whether (1) the Graf ligament maintained lumbar stability as indicated by changes in disc height and angular and translational motions at the instrumented segment after a minimum 8 years followup, (2) one-segment and two-segment instrumentation differed in the likelihood of maintaining stability and preventing degeneration at the adjacent segment, and (3) improvement of back pain correlated with lumbar stability and adjacent disc degeneration.
Materials and Methods
We retrospectively reviewed all 47 patients (74 segments) who had dynamic stabilization with the Graf ligament for lumbar spinal stenosis from January 1992 to December 1996. We excluded four patients: one died of causes unrelated to the spinal disorder and three were lost to followup, leaving 43 patients (67 segments) for study. During the same time, we operated on 25 patients with lumbar spinal stenosis using posterior decompression and posterolateral fusion. Of the 43 included patients, there were 18 males and 25 females with an average age of 51.1 years (range, 28-73 years) at the time of surgery. The indication for surgery was symptomatic degenerative lumbar spinal stenosis. All patients had chronic back pain, radicular leg pain, and claudication with acute exacerbation with increasing severity and frequency. The mean period of the disability associated with the latter symptoms was 13 months (range, 10-48 months). In these patients, the back pain was worse than the leg pain and claudication. The radiographic assessment consisted of plain radiographs, flexion and extension stress radiographs, and computed tomography (CT) or MRI scans. We defined unstable segments as those showing angular movement greater than 10°or translational displacement greater than 3 mm on active flexion and extension lateral radiographs. Fifteen of the 43 patients had MRI and 28 patients had CT. MRI and CT revealed disc protrusion in 37 of the 67 segments and lateral recess stenosis with facet arthropathy in 45 segments. Five patients with disc protrusion of the adjacent segment underwent additional discography or selective nerve root block to determine the painful segments. The Graf ligament was used to reconstruct the unstable segments that had been assessed before surgery when we judged preservation of the facet joint was possible from adequate decompression. We considered spondylolysis, isthmic spondylolisthesis, and facet joint failure after previous decompression as contraindications to the Graf ligament, and therefore these 25 patients were treated with posterior decompression and posterolateral fusion. The minimum followup was 8 years (average, 10 years; range, 8-14 years).
All patients underwent laminectomy. The decompression procedure was extended laterally to identify each nerve root using an undercutting facetectomy to preserve the joint [12, 28] . In the presence of a disc protrusion, there is a risk of producing nerve root compression after Graf instrumentation. We therefore performed discectomy in 35 patients (43 of the 67 segments) who had a protruded disc. Stabilization was performed at one, two, and three levels in 20, 22, and one patient, respectively.
Postoperatively, the patients were mobilized 3 to 4 days after surgery and wore a brace for 6 weeks. This was followed by a rehabilitation program consisting of isometric training of the lower back muscles. We allowed the patients to return to work 2 to 6 months after the operation depending on the physical demands of their occupation. We recommended an annual visit when possible.
Back pain was assessed by applying a 10-point visual analog scale (VAS) preoperatively and at the last followup. We recorded any treatments to control persistent back pain at the last followup.
One of the authors (KS), who did not participate in the treatment, radiographically measured disc height on the lumbar lateral radiograph and instability at the instrumented segment and adjacent segment on a flexionextension stress lateral radiograph of the lumbar spine. The disc height was defined as the distance from a line drawn from the superior end plate of the vertebra to the inferior end plate of the above adjacent vertebra and was presented as a ratio based on the anterior height of the upper adjacent vertebra to eliminate magnification errors of radiographic measurement. On the lateral stress views of flexion and extension, the displacement and angular movement of the vertebra before surgery and at the final followup were measured. Segmental instability was defined as a segment with angular movement greater than 10°or translational displacement greater than 3 mm. The adjacent segment degeneration was evaluated radiographically by comparing the preoperative and final followup radiographs.
The data were expressed as mean ± standard deviation. We determined the differences in the disc height between the postoperative and final followup radiographs and the differences in angulation and translation motions between the preoperative and final followup radiographs using the paired t test and Wilcoxon signed-ranks test, respectively. We used the chi square test and Fisher's exact test to compare the presence or absence of adjacent segment instability between one-segment and two-segment instrumentation. We determined changes in back pain (VAS score) preoperatively and at final followup using the paired t test. Finally, we analyzed the correlation between back pain and loss of disc height and angular or translational motion at the instrumented level and at the adjacent segment. Statistical analyses were performed using SPSS 1 (Version 12.0; SPSS Inc, Chicago, IL).
Results
There was a decrease in the disc height from postoperatively (93% ± 27%) to final followup (82% ± 22%) (p = 0.001), especially at the L4-L5 segment with the discectomy (p = 0.004) ( Table 1 ). However, there was no difference (p = 0.193) in the decrease in disc height at final followup between the discectomy group (79.0% ± 21.6%) and the nondiscectomy group (86.5% ± 21.6%). The angular and translational motions were improved at the L4-L5 segment in the nondiscectomy group (angulation: preoperative 12.0°± 5.2°versus 5.5°± 4.0°at final followup; p = 0.002; translation: preoperative 1.4 ± 1.5 mm versus 0.5 ± 0.6 mm at final followup; p = 0.053). However, the discectomy group showed less angulation (p = 0.090) and translation (p = 0.059) at the L5-S1 segment than at the L3-L4 and L4-L5 segments. Of the 67 segments, 19 (28%) had angular instability at the final followup, 13 (19%) of which had discectomy and six (9%) of which had not. Five (7%) segments had translational instability (Fig. 1) , three (4%) of which had discectomy and two (3%) of which had not.
Of the 43 patients, 18 (41.8%) had instability at the adjacent superior segment: angular instability in 11 patients, translational instability in four patients, and both in three patients (Fig. 2) . The adjacent segment instability at the lower segment revealed 13 patients with angular instability. We observed no difference in adjacent segment instability between one-segment and two-segment instrumentation ( Table 2) .
Low back pain (VAS score) decreased (p = 0.001) from 9.3 ± 0.8 preoperatively to 4.4 ± 1.9 at final followup. Back pain did not correlate with loss of disc height (p = 0.831), angular difference (p = 0.800), or translational difference (p = 0.301) at instrumented segments and did not correlate with adjacent segment angular (p = 0.503) or translational instability (p = 0.698). At the final followup, 10 patients (23%) had no pain, 20 (46%) had occasional mild pain, eight (18%) had moderate pain that could be ameliorated with nonnarcotic NSAIDs, four (9%) had pain affecting daily routines and requiring analgesics Values are expressed as mean ± standard deviation; *paired t test; Wilcoxon signed-ranks test. Fig. 1A-B In a comparison of (A) a postoperative radiograph with (B) one taken 10 years 7 months after the index operation, a loss of disc height and spondylolisthesis of L4 on L5 can be seen. Fig. 2A-B In a comparison of (A) a postoperative radiograph with (B) a flexion stress radiograph taken 10 years 3 months after the index operation, translational instability is evident at the adjacent segment to L4. stronger than nonnarcotic NSAIDs, and one (2%) had severe pain substantially limiting her daily life and requiring constant analgesics. There were no instrumentation failures (eg, Graf ligament dislodgement or rupture or screw loosening). In two patients, we converted the reconstruction to fusion. One patient had spinal stenosis and segmental instability at instrumented segments 14 years after the index operation (Fig. 3) , and another patient had adjacent segment degeneration and kyphosis 11 years 5 months after the index operation.
Discussion
The Graf ligament was developed as a nonfusion alternative to spinal arthrodesis based on the concept of flexible stabilization. However, the long-term outcomes of this device are controversial [17, 26] . We therefore asked whether (1) the Graf ligament maintained lumbar stability as indicated by loss of disc height and angular and translational motions at the instrumented segment after a minimum 8 years' followup, (2) one-segment and two-segment instrumentation differed in the likelihood of maintaining stability and preventing degeneration at the adjacent segment, and (3) improvement of back pain correlated with lumbar stability and adjacent disc degeneration.
This study had limitations. First, as we used differing indications for the Graf ligament and spinal fusion, we cannot directly compare the patients. Second, we had no control group of patients treated by other methods for comparison to our patient cohort. Third, we did not preoperatively assess the condition of the adjacent segment. Therefore we have no comparison to the final condition. The Graf ligament stabilizes the unstable segment through coaptation of bilateral facet joints. One biomechanical study [32] reported the Graf ligament reduces range of motion and flexibility values in some loading conditions. However, this experiment assessed only the immediate stabilization characteristics of this implant system in cadaveric material under limited loading conditions. Further research should address the fatigue characteristics of the ligament and whether they could influence the ability of the device to stabilize the joints. Kanayama et al. [17] suggested the Graf ligament has the potential to control flexion instability. However, we found 19 of the 67 instrumented segments (28%) had angular instability at the instrumented segments, although angular stability was improved at a minimum of 8 years' followup in comparison to the preoperative status.
It is unclear if adjacent segment degeneration is a continuing degenerative process or a late complication of fusion. Solid fusion alters the biomechanics at the adjacent segment, resulting in increased mechanical demands. Increased biomechanical forces, mobility, and intradiscal pressure in the adjacent segments after fusion have been suggested to accelerate pathologic changes [5, 13, [19] [20] [21] ( Table 3 ). Lehmann et al. [21] reported spinal stenosis was detected in the segment immediately cephalad to the fused segment in 30% of patients, instability of the adjacent segments was detected in 45%, and surgical treatment was required in 4.5%. The Graf ligament originally was developed to decrease the degenerative changes in the adjacent segments compared with rigid instrumentation. Kanayama et al. [17] reported adjacent segment morbidity in the Graf ligament compared with lumbar posterolateral fusion at minimum 5-year followup. There was a tendency with posterolateral fusion for a higher rate of adjacent disc deterioration compared with the Graf ligament. Onda et al. [26] reported a modest and gradual degeneration of adjacent segments after implantation of the Graf ligament. They could not exclude the possibility that the involved procedure may not prevent adjacent segment-related disease after 10 years because the Graf ligament is believed eventually to create rigid fixation. With a minimum 8-year followup we found adjacent upper segment degeneration in 14 segments (32%) with angular instability and seven segments (16%) with translational instability and adjacent lower segment degeneration in 13 segments (30%) with angular instability. The findings suggest the Graf ligament system also can accelerate the degenerative changes in the adjacent segments. We speculate this is because adjacent segments would alter load transmission during mid-to long-term followup after the Graf ligament.
Although there was some enthusiasm over the early clinical results obtained using the Graf ligament, the associated mid-to long-term results are controversial. In one study of 83 patients who had Graf ligament or posterolateral lumbar fusion, the Graf ligament was associated with a worse outcome and a higher revision rate than the posterolateral lumbar fusion [16] . Seven-year followup results [11] showed the mean Oswestry Disability Score had improved from a mean of 59% preoperatively to 38% after 7 years. In 31 of 40 patients, 23% were not using analgesics, 54% occasionally used analgesics, and 13% used analgesics daily. Gardner and Pande suggested beneficial effects of the Graf ligament were sustained at a mean of 7 years despite the presence of an established degenerative process [11] . We found a mean improvement of pain (VAS score) from 9 ± 0.8 preoperatively to 4 ± 2 at a minimum 8 years' followup. However, four patients' (9%) daily routines were impeded and they required analgesics stronger than nonnarcotic NSAIDs; one patient (2%) had severe pain that limited her daily life substantially and analgesics were needed constantly. Two patients were treated with additional decompression and conversion to fusion.
Our data suggest the mechanical effects of the Graf ligament could be altered by degeneration of the disc and facet joints at instrumented segments, and adjacent segment disease could occur owing to abnormal load transmission. 
